INTRODUCTION
============

Bacterial DNA topoisomerase I (topoI) relaxes negatively supercoiled DNA through a series of coordinated steps in an Mg^2+^ dependent manner ([@gkt506-B1],[@gkt506-B2]). The enzyme binds and introduces a single-strand (ss) nick in the double-stranded (ds) DNA establishing a 5′-phosphotyrosine covalent bond with the hydroxyl group of the active site tyrosine. In the subsequent steps, the intact non-scissile strand is passed through the cleaved DNA gate, and resealing of the scissile DNA occurs by the second transesterification reaction to restore duplex DNA ([@gkt506-B1]). The N-terminal domain (NTD) is highly conserved among all bacterial topoI harboring both metal coordination motif and the cleavage-religation domains ([@gkt506-B3; @gkt506-B4; @gkt506-B5; @gkt506-B6]). In contrast, the carboxyl terminal domain (CTD) is divergent and generally contains variable number of Zn^2+^ fingers ranging from 1 to 5 ([@gkt506-B7; @gkt506-B8; @gkt506-B9; @gkt506-B10]). *Escherichia coli* topoI (EctopoI) has three tetracysteine Zn^2+^-binding motifs in the CTD ([@gkt506-B10]). Either removal of Zn^2+^ ([@gkt506-B11]) or mutation in the second Zn^2+^ finger reduced the DNA relaxation activity of the enzyme ([@gkt506-B12]). Moreover, in the absence of the Zn^2+^ finger domain, the core domain, Top 67 ([@gkt506-B13]) fails to catalyze the DNA relaxation, indicating that the Zn^2+^ fingers are indispensable for the enzyme activity ([@gkt506-B14]). In contrast, the topoI of the hyperthermophilic bacterium *Thermotoga maritima* contains a single Zn^2+^ finger motif, which is not essential for its DNA relaxation activity ([@gkt506-B15]). As the Zn^2+^ finger motif is essential for the EctopoI catalyzed DNA relaxation and catenation/decatenation reactions, it is proposed that by binding to the DNA, it facilitates DNA movement into and out of the central cavity leading to the strand passage ([@gkt506-B1]). However, it is yet unclear how the actual strand passage function is achieved in this enzyme, or in other bacterial topoisomerases that have a minimal component of a Zn^2+^ finger motif or are devoid of it.

The topoI from the *Mycobacterium smegmatis* (MstopoI) and *Mycobacterium tuberculosis* possesses several distinct properties compared with other bacterial topoI ([@gkt506-B7],[@gkt506-B16],[@gkt506-B17]). The enzyme, with highly diverged CTD lack Zn^2+^ finger motif, recognizes both ssDNA as well as dsDNA with high affinity, and cleaves the DNA at specific-sites termed as strong topoI sites (STS) ([@gkt506-B7],[@gkt506-B18]). Earlier studies showed that the NTD harbors the sequence-specific DNA binding, cleavage and religation activities but cannot catalyze relaxation of DNA ([@gkt506-B17]). The CTD is devoid of any enzymatic activity but exhibits non-specific DNA binding. Importantly, the DNA relaxation activity is restored when the NTD is complemented with the CTD *in vitro*, implicating a role for the CTD in the strand passage step of DNA relaxation cycle ([@gkt506-B17]).

Although typical DNA binding Zn^2+^ finger modules are absent, non-specific DNA binding and a likely role in the strand passage suggests the presence of alternate DNA-binding motifs in the CTD of MstopoI. Multiple sequence alignment of topoI from different mycobacterial species revealed three stretches of basic amino acids in the CTD ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)). We hypothesized that the stretches of basic amino acids could be involved in the non-specific DNA binding to mediate passage of the non-scissile strand through the cleaved DNA. The hypothesis was tested by deleting the basic stretches and evaluating the deletants, using a variety of assays. A new assay was developed to assess the strand passage and to elucidate the importance of basic stretches of CTD in the process. We demonstrate that the basic amino acid stretches are involved in binding the second DNA simultaneously when the scissile DNA is held by the enzyme, and the event is crucial for strand passage reaction of the enzyme. We also provide a plausible explanation for the selective loss of Zn^2+^ fingers in topoI from Actinobacteria.

MATERIALS AND METHODS
=====================

Bacterial strains and plasmids
------------------------------

*Escherichia coli* DH10B and *E. coli* BL21 (DE3) were used for cloning and overexpression of MstopoI and its mutants from pRSETA constructs, respectively. Supercoiled pUC18 plasmid DNA substrate for topoI activity assay was purified by Qiagen midiprep kits.

Enzymes and oligonucleotides
----------------------------

Restriction enzymes, T4 DNA ligase, T4 polynucleotide kinase, Klenow polymerase I and DNase I were purchased from New England Biolabs, USA. STS and non-STS oligonucleotides (Sigma Aldrich, USA) were resolved on 15% denaturing polyacrylamide gel, purified using NAP 10 columns (GE healthcare) and 5′-end labeled using T4 polynucleotide kinase and \[γ-^32^P\] ATP (6000 Ci/mmol). Labeled oligonucleotides were purified through Sephadex G-25 spin columns. Sequences of oligonucleotides used in this study are given in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1).

Deletion of basic amino acid stretches
--------------------------------------

Strategy for the deletion of basic stretches and the primers used for the mutagenesis are depicted in [Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1) and [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1), respectively. Expression plasmid pPVN3 ([@gkt506-B17]) encoding CTD (corresponding to amino acid residue 617--938) was used as a template for deletion mutagenesis. Basic stretch 1 (B1) was deleted by generating NarI restriction site on either side of B1 by site-directed mutagenesis ([@gkt506-B19]), digestion with NarI followed by ligation. The truncated form of pPVN3 was sub-cloned into full-length topoI (pPVN123) using BamHI restriction enzyme. Basic stretch 2 (B2) was deleted by inverse PCR using the primers Rctd1 and Fctd3 ([@gkt506-B20]).To delete stretch 3 (B3), primer Fctd1 and Rctd2 were designed to amplify the 879 bp DNA fragment, which lacks the B3. Double deletion mutants ΔB13 and ΔB23 were generated using the ΔB1and ΔB2 as templates followed by deletion of B3 as described earlier in the text. The mutations were confirmed by restriction digestion followed by sequencing of plasmid DNA.

Expression and purification of the proteins
-------------------------------------------

Purification of proteins was carried out as described earlier ([@gkt506-B17]). Briefly, pPVN123 encoding either MstopoI or its deletants was transformed into *E. coli* BL21 (DE3). Cultures grown at 37°C were induced with 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at O.D.~595nm~ = 0.6 for 3 h and harvested. The proteins were purified by two column chromatographic steps using Heparin Sepharose followed by SP Sepharose columns.

DNA relaxation assay
--------------------

In all, 500 ng negatively supercoiled pUC18 DNA was incubated with varying amounts of the enzyme in 40 mM Tris--HCl (pH 8.0) containing 20 mM NaCl, 1 mM EDTA and 5 mM MgCl~2~ at 37°C for 30 min. The reactions were terminated with 0.1% SDS and heating at 75°C for 10 min. The reaction products were resolved on 1.2% agarose gel at 1 V/cm and visualized by staining with 0.5 μg/ml ethidium bromide after electrophoresis. One unit of enzyme is defined as the amount of enzyme that relaxes 50% of the 500 ng of supercoiled pUC18 in 30 min at 37°C.

Electrophoretic mobility shift assays
-------------------------------------

The 5′-end-labeled 32-mer oligonucleotide harboring STS was used as a specific single-stranded DNA substrate ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)). The reaction mixture containing 40 mM Tris--HCl (pH 8.0), 20 mM NaCl, 1 mM EDTA and 0.1 pmol oligonucleotide was incubated with the varying concentrations of either WT or the deletants for 15 min on ice. The protein--DNA complexes were resolved from free DNA in 8% non-denaturing polyacrylamide gel electrophoresis (PAGE) at 4°C using 1× TBE buffer (Tris--Borate--EDTA). The bands were visualized by phosphorimager (model BAS 1800; Fujifilm), quantitated using Multi Gauge (Fujifilm) and analyzed by GraphPad Prism (Version 5.0) to determine affinity.

For Electrophoretic mobility shift assays (EMSA) with two DNA substrates of different sizes, 5′-end-labeled 32-mer STS DNA was incubated with 200 nM of the enzymes for 15 min at 4°C to form complex I. To this, increasing concentrations of 60-mer unlabeled non-STS oligonucleotide was added and incubated for additional 10 min. The protein--DNA complexes were resolved on 6% native PAGE at 4°C using 1× TBE (Tris--Borate--EDTA), visualized by phosphorimager (model BAS 1800; Fujifilm) and analyzed as aforementioned.

DNA cleavage and religation
---------------------------

The DNA cleavage was carried out by incubating the enzymes with 0.1 pmol of 32-mer oligonucleotide harboring STS in the cleavage buffer \[40 mM Tris--HCl (pH 8.0), 20 mM NaCl and 1 mM EDTA\] at 37°C for 30 min to yield a 5′-end-labeled 19-mer cleavage product. The reactions were terminated with 45% formamide dye and heating at 90°C for 2 min. Samples were resolved on 12% denaturing PAGE using 1× TBE as running buffer at 300 V, visualized and quantitated as described earlier in the text.

For intramolecular religation, after 15 min of cleavage reaction (as aforementioned), religation was initiated with 5 or 10 mM MgCl~2~, followed by incubation for further 15 min. The reaction products were resolved on 12% denaturing PAGE. To carry out intermolecular religation, 32-mer oligonucleotide harboring STS were incubated with WT or deletants to yield a non-covalenty held 19-mer and 13-mer covalent protein--DNA adduct. The reactions were carried out in the cleavage buffer at 37°C for 15 min. After the cleavage, 5′-end-labeled 11-mer pre-annealed to unlabeled 24-mer was added and incubated at room temperature for 5 min. Religation was initiated with 10 mM MgCl~2~ and incubated for 30 min at 37°C to yield a labeled 24-mer intermolecular religation product. The samples were processed as described previously ([@gkt506-B17],[@gkt506-B21]).

Filter binding assay for strand passage
---------------------------------------

To test the strand passage, 500 nM enzyme was incubated with nick-translated radiolabeled pUC18 plasmid DNA for 15 min on ice in assay buffer \[40 mM Tris--HCl (pH 8.0), 20 mM NaCl and 1 mM EDTA, 10% glycerol\].The reaction was divided into two parts. In one part, to determine the initial counts, an anti-topoI clamp closing antibody 1E4F5 ([@gkt506-B22]) was added to trap the plasmid DNA in the enzyme cavity. In the other part, 5 pmoles of 32-mer oligonucleotide harboring the STS was added to the reaction mix and incubated for 15 min at 37°C, followed by the addition of 10 mM MgCl~2~ and incubation for 30 min. At the end of the incubation, 1E4F5 antibody was added in these reactions. All the reactions were spotted on Millipore nitrocellulose filter (0.45 µm) pre-equilibrated with assay buffer, followed by washing with high salt buffer (40 mM Tris--HCl (pH 8.0), 1 M NaCl and 1 mM EDTA) thrice in a Millipore filtration apparatus equipped with vacuum pump to remove the unbound DNA, and the radioactivity retained on the filter was measured by liquid scientillation counter. Strand passage ability was calculated as the percentage reduction in the radioactive counts (cpm) after strand passage.

Overexpression of MstopoI Δ23 in *M. smegmatis*
-----------------------------------------------

MstopoI Δ23 and WT MstopoI fragments were amplified from their respective plasmid constructs by PCR and cloned into pMIND vector ([@gkt506-B23]) using the NdeI and EcoRV restriction sites. The constructs were electroporated into the *M.smegmatis* mc^2^ 155 cells and transformants were selected on Kanamycin (25 mg/ml) Middlebrook 7H9 agar plates. The WT and deletant topoI overexpression strains were inoculated in Middlebrook 7H9 broth supplemented with 0.2% glycerol and 0.05% Tween-80 and grown at 37°C with continuous shaking at 200 rpm. The growth was monitored at O.D. 595 nm at 2 h intervals for 48 h. The growth curves were plotted by the GraphPad Prism (version 5.0).

RESULTS
=======

Basic amino acid stretches are essential for the DNA relaxation activity
------------------------------------------------------------------------

Multiple sequence alignment showed that the NTD of MstopoI shares considerable sequence similarity with other eubacterial topoI ([@gkt506-B21]). The NTD harbors the topoisomerase-primase domain for Mg^2+^ coordination and also the 5Y-CAP domain that contains the active site tyrosine needed for the transesterification reaction to establish the covalent phosphotyrosine adduct during the DNA cleavage ([Figure 1](#gkt506-F1){ref-type="fig"}B). Although the CTD of TmtopoI, EctopoI and *Helicobacter pylori* topoI harbor one, three and four Zn^2+^ finger motifs, respectively ([@gkt506-B10],[@gkt506-B15],[@gkt506-B24]), the CTD of the mycobacterial topoI is devoid of the tetracysteine Zn^2+^ fingers ([Figure 1](#gkt506-F1){ref-type="fig"}A). However, the amino acid sequence analyses revealed the presence of three stretches of basic amino acids in the CTD of the enzyme, hinting at the possibility that these stretches could be involved in the enzyme function ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)). To assess the role of the basic amino acid stretches in enzyme activity, they were deleted individually as well as in combination ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)), and the deletants were purified for further analyses, as described in 'Materials and Methods' section. DNA relaxation ability of the MstopoI CTD deletants was analyzed; their specific activities are given in [Figure 1](#gkt506-F1){ref-type="fig"}D. Although deletants ΔB1and ΔB2 had ∼3.5-fold lower activity than WT enzyme, ΔB3 exhibited weaker (∼60-fold reduced) DNA relaxation activity. The deletants with two basic stretches deleted, ΔB13 and ΔB23 had highly reduced activity, and hence their specific activities could not be determined ([Figure 1](#gkt506-F1){ref-type="fig"}C). The pattern of DNA relaxation by ΔB1 and ΔB2 appeared to be distributive; DNA topoisomers of intermediate superhelical density were seen. To sum up, the data suggest that the basic residues play an important role in DNA relaxation reaction of the enzyme. Figure 1.The importance of basic stretches in DNA relaxation. (**A**) The pictorial representation of Zn^2+^ fingers in different topoisomerases; (**B**) Organization of various motifs in MstopoI. Conserved motifs are shown as dark boxes. NTD comprises the metal coordinating acidic triad DXDXE in the topoisomerase-primase domain and the CAP domain or the cleavage-religation domain comprising the active-site tyrosine. CTD contains three basic amino acid stretches shown in the form of shaded boxes (B1, B2 and B3). Different mutants generated for this study and their nomenclatures are given; (**C**) DNA relaxation activity of CTD deletants. In all, 500 ng negatively supercoiled pUC18 plasmid DNA was incubated with increasing concentration of the enzymes (as indicated in each panel) at 37°C for 30 min. (C) Control reaction with no enzyme. N and S indicate nicked and supercoiled form of plasmid DNA respectively; (**D**) Specific activity of the deletants.

DNA cleavage and religation activities of the deletants were unaffected
-----------------------------------------------------------------------

DNA relaxation reaction mediated by type IA topoisomerases uses two concerted transesterification reactions, DNA cleavage and religation. To assess the effect of deletions of basic amino acid stretches on DNA cleavage activity, assays were carried out with 5′-end-labeled, 32-mer STS harboring oligonucleotide. From these assays, it is evident that neither the efficiency of DNA cleavage nor the cleavage site preference was affected in the deletant enzymes ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)). Next, to evaluate the effect of the deletions in the CTD on the second transesterification reaction, intra-and inter-molecular religation assays were carried out as described in 'Materials and Methods' section (schematics in [Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)) ([@gkt506-B17]). The deletants were proficient in catalyzing DNA religation, affirming that the basic stretches do not have a significant role at this step of the reaction ([Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1) and [B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)).

Basic amino acid stretches are indispensable for strand passage
---------------------------------------------------------------

The data that the individual catalytical steps are not affected but the overall relaxation activity is compromised in the CTD deletants indicate the importance of basic stretches in some other step of enzyme action. As both the catalytic functions are confined to the NTD, the basic stretches in the CTD may be needed either directly or indirectly in the strand passage step, which precedes the second transesterification reaction to reseal the DNA. The crystal structure of EctopoI, EctopoIII and TmtopoI revealed that the ∼27 Å wide central cavity of the enzyme can accommodate either ssDNA or dsDNA ([@gkt506-B25; @gkt506-B26; @gkt506-B27; @gkt506-B28]). The sign inversion and the enzyme bridge model proposed for the catalysis mediated by type IA topoisomerases predict the entry and exit of non-scissile DNA into or from this enzyme cavity through the cleaved DNA gate ([@gkt506-B29],[@gkt506-B30]). According to these models, the scissile ssDNA resides in the active site, which undergoes cleavage and religation, and the transfer strand remains in the central cavity of the enzyme. To assess the role of basic amino acid stretches in the strand passage step independent of cleavage and religation reactions, the strand passage ability was monitored by nitrocellulose-filter binding experiments.

MstopoI and the basic stretch deletants were incubated with radiolabeled relaxed pUC18 DNA so that the DNA occupies the enzyme cavity. Occupancy of pUC18 DNA was ensured by using an anti-topoI clamp closing monoclonal antibody, which would lock the topoI clamp ([@gkt506-B22]), thus trapping plasmid DNA in the cavity of the enzyme. The 32-mer STS oligonucleotide was added to the complex to form enzyme-DNA gate (schematic in [Figure 2](#gkt506-F2){ref-type="fig"}A). Strand passage would result in the escape of the pUC18 DNA from the central cavity, which can be measured by filter binding assay. In assay with WT enzyme, labeled DNA retention decreased, indicating efficient strand passage. In contrast, the NTD of MstopoI did not show marked reduction in the retention of pUC18 DNA, implying that NTD is inefficient in strand passage unlike the full-length (MstopoI) enzyme. The results are in accordance with earlier findings that the NTD alone is not competent for strand passage activity ([@gkt506-B17]). The mutant ΔB1 retained 80% of strand passage activity. In contrast, mutant ΔB3 was severely affected in strand passage and exhibited only 40% activity. The strand passage activity was completely abolished in ΔB13 and ΔB23 ([Figure 2](#gkt506-F2){ref-type="fig"}B and C). Notably, the extent of strand passage carried out by MstopoI and the deletants correlated well with their respective DNA relaxation activities. Figure 2.Assessment of strand passage. (**A**) Experimental design of filter-binding assay. Nick translated pUC18 DNA was incubated with 500 nM proteins at 37°C. The 32-mer oligonucleotide harboring STS was added to the enzyme--DNA complex to form cleaved DNA gate for the passage of pUC18 DNA. Radioactive counts (counts per minute) associated with each reaction were measured by filter binding assay; (**B**) Retention of pUC18 DNA. Graph showing the amount of total count and retained count associated with the enzymes. Total counts represent the counts (counts per minute) associated with the enzyme--pUC18 DNA complex. Retained counts (cpm) indicate remaining counts after the completion of strand passage reaction. WT + 32B represents the negative control in which 32B oligonucleotide was annealed with 32 mer and duplex DNA added to enzyme-pUC18 DNA complex. NTD alone used as a control did not show significant difference, suggesting that the decrease in the count is mediated by CTD; (**C**) Strand passage activity. Graph representing the strand passage activity of the WT and mutant enzymes. Strand passage activity of WT enzyme was normalized to 100%. The error bars represent standard deviation across three measurements. The plasmid DNA molecules, which entered the enzyme cavity, were captured by using a clamp closing anti-topoI monoclonal antibody, and the weakly bound salt sensitive complexes were removed by washing with the high salt buffer. The radioactive counts represent the salt resistant enzyme--DNA hetero-catenanes.

Basic amino acid stretches confer the non-specific DNA-binding property to the CTD
----------------------------------------------------------------------------------

In an earlier study, we showed that the CTD binds to DNA in a non-specific manner ([@gkt506-B17]). From the results described earlier in the text, it appeared that basic amino acids could confer DNA-binding property to the CTD. To test this, EMSA was carried out using 32-mer single-stranded STS oligonucleotide and various CTD deletant enzymes described earlier in the text. From the representative K~d~ values, it is apparent that the deletion of basic amino acid stretches reduced the DNA-binding affinity of the enzyme ([Figure 3](#gkt506-F3){ref-type="fig"}). Despite weaker binding of the mutants, their cleavage and religation activities were comparable with the WT enzyme ([Supplementary Figures S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1) and [S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)). From these data, one can surmise that the stretches in the CTD do not influence the binding of MstopoI to the scissile DNA. Instead, their role could be in holding the non-scissile (non-STS) complementary DNA required for strand passage. To assess their role in non-specific DNA capture, DNA-binding ability of deletants was determined with the non-STS DNA. As the binding of NTD to non-STS DNA is extremely low ([@gkt506-B17]), the complex formed by the MstopoI with this DNA would mainly be by the contribution from the CTD. From the EMSA results ([Figure 4](#gkt506-F4){ref-type="fig"}A), it is evident that the ΔB1and ΔB3 were affected in non-specific DNA binding significantly, and the binding of ΔB13 and ΔB23 to DNA was completely abolished. Figure 3.DNA-binding ability of the MstopoI deletants. EMSAs were carried out by incubating 5′-end-labeled 32-mer oligonucleotide containing STS with varying concentrations of enzymes, as mentioned in each panel. DNA--protein complexes were quantitated, and DNA-binding affinity of WT and its deletants are represented in the form of their respective *K*~d~ value. Figure 4.Binding of WT and deletant enzymes with non-specific DNA. (**A**) 5′-end-labeled 32-mer non-STS oligonucleotide was incubated with 100 nM enzymes. Enzyme--DNA complexes were quantitated and represented in the form of graph (right panel). The extent of DNA binding by WT was normalized to 100%. Each value represents the mean of three independent experiments. Bars represent SD; (**B**) EMSA with the *E. coli* BL21 cell extracts expressing the intact and deletant CTD. The 5′-end-labeled 32-mer oligonucleotide was incubated with 2 µg and 5 µg of total cell extracts.

To further establish the role of the basic amino acid stretches in the DNA binding, EMSA was carried out by incubating the 5′-end-labeled non-specific 32-mer oligonucleotide with the CTD itself, or its deletants lacking the basic stretches. The deletants of CTD could not bind to either Hi-Trap Heparin or SP sepharose columns possibly owing to the absence of positively charged basic amino acid stretches. Hence, the EMSA was carried out with the crude cell lysates of *E. coli* BL21 cells, containing the different forms of CTD. DNA-binding results demonstrated that the mutant CTDs were highly compromised in the DNA-binding ability ([Figure 4](#gkt506-F4){ref-type="fig"}B). The reduced DNA binding of deletant CTDs correlates well with the altered DNA interaction of the MstopoI deletants. From these results, we conclude that the basic stretches contribute to the non-specific DNA binding by the CTD to guide the passage of non-scissile DNA through the enzyme-DNA gate.

The mutants are compromised in binding two DNA molecules
--------------------------------------------------------

According to sign inversion model of DNA relaxation proposed for the mechanism of action of type IA topoisomerase, binding of two DNA molecules by the enzyme---scissile and the other transfer strand, is predicted ([@gkt506-B29]). Indeed, Li *et al.* ([@gkt506-B31]) suggested the existence of at least two independent DNA-binding sites in the type IA topoisomerase, which has not been experimentally verified yet. To evaluate MstopoI binding to two DNA, mobility shift assay was carried out with oligonucleotides of different sizes. First, 5′-end-labeled, 32-mer STS oligonucleotide incubated with MstopoI formed complex I ([Figure 5](#gkt506-F5){ref-type="fig"}). Incubation of complex I with increasing concentrations of unlabeled 60-mer non-STS DNA formed complex II (supershifted band in [Figure 5](#gkt506-F5){ref-type="fig"}), demonstrating that MstopoI can simultaneously bind two different oligonucleotides. Either NTD or CTD alone formed one complex with the DNA, indicating that each component contains one DNA-binding site. The complex formed with CTD could be competed out with 60-mer non-STS oligonucleotide, whereas the NTD--DNA complex was resistant to decay, confirming that the binding mediated by the CTD was non-specific, and the NTD specifically binds STS DNA, as previously demonstrated ([@gkt506-B17]). Experiments with the deletants demonstrated that the deletion of basic amino acid stretches affected the formation of complex II to varying degrees. Deletant ΔB1 was marginally affected, whereas the deletants ΔB3 and ΔB23 failed to form complex II. Notably, as expected, results are in agreement with the DNA-binding experiments (STS and non-STS DNA-binding assay, [Figures 3](#gkt506-F3){ref-type="fig"} and [4](#gkt506-F4){ref-type="fig"}), confirming that the MstopoI can hold two DNA simultaneously by two distinct parts of the enzyme, viz. NTD and CTD. Further, CTD binds DNA through the basic amino acid stretches in a sequence-independent manner to mediate strand passage. Figure 5.MstopoI binds two DNA molecules. EMSAs were carried out by incubating 5′-end-labeled 32-mer oligonucleotide containing STS with proteins for 10 min on ice to form complex I. Further, 60-mer unlabeled oligonucleotide was incubated with the complex I for 15 min on ice to form complex II (as depicted in the schematic). Complexes were resolved on 6% native PAGE. (**A**) Complex formed by the WT MstopoI, NTD and CTD (as indicated in each panel); (**B**) EMSA with the WT and deletant enzymes. C: 32-mer with no enzyme; complex I: protein-32 mer complex; complex II: 32 mer-protein-60 mer complex.

Overexpression of deletant enzyme affects the growth of *M. smegmatis*
----------------------------------------------------------------------

From the experiments described so far, it is evident that the mutants lacking the basic residues in the CTD are compromised only for strand passage but are competent in site-specific DNA binding, cleavage and religation. Indeed, DNA relaxation activity of the WT enzyme was suppressed in the presence of the deletant enzyme *in vitro*, indicating the competition between the two proteins for the same substrate DNA ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)). Hence, in principle, they should exert dominant negative effect on enzyme function when expressed *in vivo*. To understand the consequence of the deletions on intracellular topoI function, MstopoI ΔB23 was overexpressed in *M. smegmatis*, and the growth was monitored. Interestingly, the cells overexpressing the deletant topoI showed significant reduction in growth compared with the cells overexpressing the WT enzyme. The cells expressing the deletant showed, increased lag period (16 h) compared with WT (12 h), 1.6-fold reduced growth rate and were affected in attaining maximum growth density ([Figure 6](#gkt506-F6){ref-type="fig"}). The results suggest that the overexpression of a functionally compromised form of the enzyme can compete out the WT enzyme for DNA binding, affecting the DNA relaxation activity *in vivo* leading to the reduced growth. This dominant negative effect thus establishes the importance of the crucial residues of CTD in completion of the DNA relaxation cycle. Figure 6.Overexpression of the deletant enzyme results in growth defect. Exponential phase cultures of *M. smegmatis*mc^2^ 155 and overexpression strains were diluted to O.D.~595\ nm~ = 0.05 in Middlebrook7H9 broth and incubated at 37°C with continuous shaking. The cultures were grown for 40 h, and the O.D.~595nm~ was measured at every 2 h interval. The figure shows the mean O.D.~595nm~values obtained in three independent experiments. Bar represents the SD.

DISCUSSION
==========

In this study, we demonstrate a new DNA-binding motif for strand passage function in a type IA topoisomerase that lacks Zn^2+^ fingers in the CTD. Three basic amino acid stretches found in the CTD of MstopoI confer non-specific DNA-binding property to the enzyme, rendering the CTD indispensable for the enzyme function. Basic residues, impart a critical role for the CTD in the essential strand passage step of the reaction, although they do not possess any enzymatic activity.

The sign inversion model proposed for type IA topoisomerase reaction mechanism advocates that both, the scissile strand and the intact complementary strand, are held simultaneously by the enzyme ([@gkt506-B1],[@gkt506-B29],[@gkt506-B30]), suggesting the presence of two DNA-binding sites. EMSA with DNA molecules of different sizes established that MstopoI holds two DNA molecules simultaneously, and the deletants were compromised in binding to the second DNA molecule. The outcome of this experiment validates the enzyme bridge model for type IA topoisomerase, according to which, the topoI holds the two distinct DNA strands during DNA relaxation ([@gkt506-B30]). In EctopoIII, it has been shown that the enzyme can concurrently bind dsDNA in the central hole and ssDNA in the ssDNA-binding groove, indicating that the enzyme has at least two DNA-binding sites ([@gkt506-B27],[@gkt506-B31]). The present study with MstopoI reveals that one DNA-binding site lies in the NTD, and the other site resides in the basic stretches of the CTD. In an earlier study, we showed that the NTD bound preferentially to the ssDNA containing the specific sequence (STS DNA), whereas the CTD bound both the ssDNA as well as the dsDNA with comparable affinity ([@gkt506-B17]). Based on all the observations, we suggest that the NTD accommodates and cleaves STS DNA, whereas the CTD holds non-scissile ssDNA (during DNA relaxation) as well as the dsDNA (during decatenation) for the strand passage.

The growth studies with topoI overexpression strains of *M.smegmatis* further established the importance of basic amino acid stretches. The reduced growth rate of MstopoIΔ23 overexpression strain can be the consequence of occupancy of deletant enzyme on the topoI-binding sites by competing out the native topoI from its site of action. Data from the *in vitro* studies showed that the deletants can bind to scissile DNA strand by virtue of their intact NTD to cleave and reseal the DNA. In a strain overexpressing MstopoIΔ23, the deletant would interfere with the WT topoI binding and carry out two transesterification steps, but in the absence of basic amino acid stretches, fail to hold the non-scissile DNA for the strand passage. This would result in futile cycles of cleavage and religation without any DNA relaxation activity. Basic amino acid stretches are thus indispensable for enzyme function both *in vitro* as well as *in vivo*.

We showed in an earlier study, that MstopoI carries out the DNA relaxation reaction in a processive fashion ([@gkt506-B7]). However, what contributes to the processivity of the enzyme was not known. The DNA relaxation assay revealed that ΔB1 and ΔB2 generated topoisomers of intermediate superhelical density (partially relaxed) in contrast to WT MstopoI, which produced completely relaxed products, suggesting the distributive mode of enzyme action in the deletants ([Figure 1](#gkt506-F1){ref-type="fig"}C). The basic amino acids in the CTD might assist in capturing the plasmid molecules efficiently to catalyze the multiple DNA relaxation cycles leading to the complete relaxation of supercoiled substrate, thus enhancing the processivity of the enzyme. Positively charged lysine and arginine in the basic stretches could bind the negatively charged phosphate backbone of DNA. The deletion of these basic amino acids would reduce the charge interactions, thus lowering the affinity of the enzyme for substrate DNA, resulting in an enzyme that is distributive. Similarly, the processivity of the EctopoIII is governed by the positively charged amino acids in the CTD, and deletion of the basic amino acids rendered the enzyme distributive ([@gkt506-B32]). Further, elucidation of the role of basic amino acid residues described here may provide an explanation for the apparent discrepancy in the results obtained when the Zn^2+^ fingers in the CTD were mutated in TmtopoI and EctopoI ([@gkt506-B12],[@gkt506-B15]). Notably, positively charged amino acids were found flanking the single Zn^2+^ finger in TmtopoI ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt506/-/DC1)), whereas in EctopoI, there seems to be an under representation of basic amino acids neighboring the Zn^2+^ fingers. Thus, it appears that basic residues could have a role in TmtopoI-mediated DNA relaxation, although the Zn^2+^ finger is dispensable.

Based on the present findings, we propose a model for the mechanism of strand passage by MstopoI ([Figure 7](#gkt506-F7){ref-type="fig"}). According to this model, MstopoI binds scissile DNA in a site-specific manner by virtue of the NTD, whereas the CTD simultaneously interacts with the non-scissile DNA. On encountering the STS DNA region, the NTD cleaves the DNA to form the 5′-phosphotyrosine covalent adduct, followed by the opening of the DNA gate. Basic stretches in the CTD guide the non-scissile DNA from the central cavity to the DNA gate, leading to the strand passage, followed by resealing of the DNA ends, thus completing one cycle of DNA relaxation. After the catalysis, MstopoI may remain bound to the same DNA molecule through the basic amino acids, thus, enhancing the processivity of the enzyme. Figure 7.Strand passage mechanism of topoI. TopoI-mediated relaxation is proposed to occur by recognizing and binding to a single-stranded region within the supercoiled substrate (**A** and **B**), followed by nicking of the scissile strand. The enzyme undergoes conformational changes resulting in opening of the DNA gate (**C**). The complementary non-scissile strand held by the basic amino acid stretches in the CTD is passed through the opened DNA gate (**D**). Subsequently, two ends of the DNA are brought closer for religation (**E**) leading to the relaxation of supercoiled DNA. The enzyme releases the DNA or begins another catalytic cycle. Basic amino acid stretches are shown in cyan.

Sequence analyses indicated that topoI from all the Actinomycetes lack Zn^2+^ finger (data not shown). The Zn^2+^ fingers in topoI from this group could have been eliminated for two possible reasons. First, an enzyme without the Zn^2+^ finger may tolerate extreme conditions of pH and oxidative stresses, which otherwise could affect the structural integrity of the Zn^2+^ motif ([@gkt506-B33],[@gkt506-B34]). Indeed, the mycobacterial topoI is catalytically competent even at broad pH range and high temperatures ([@gkt506-B7]). Similarly, another non-Zn^2+^ finger enzyme EctopoIII also been shown to be active at high temperatures ([@gkt506-B35]). These features may provide an edge to some of the mycobacteria, which encounter low pH and oxidative conditions prevailing inside the host macrophages ([@gkt506-B36],[@gkt506-B37]). Another advantage of replacing the Zn^2+^ motif in topoI could be related to the intracellular scarcity of Zn^2+^ ions. The free Zn^2+^ ions have been shown to cause metallotoxicity, leading to the death of mycobacteria ([@gkt506-B38],[@gkt506-B39]). Studies with various mycobacteria have revealed the protective mechanisms used by them to overcome the Zn^2+^ cytotoxicity ([@gkt506-B38],[@gkt506-B39]). *Mycobacterium tuberculosis* uses the CtpC (P-type ATPases) transporters to pump out the Zn^2+^ from the cell, thus circumventing the host defense system that exploits the Zn^2+^ ions to kill the pathogen ([@gkt506-B38]). Similarly, other mycobacteria also endure the diverse inhospitable conditions in external environment including the Zn^2+^ contaminated habitats ([@gkt506-B40; @gkt506-B41; @gkt506-B42]). To withstand the Zn^2+^ toxicity, environmental mycobacteria exploit cation diffusion facilitator family protein *zitA*, which provide resistance against Zn^2+^ toxicity. The mycobacterial genome codes for more number of P-type ATPases compared with *E. coli* genome implying their role in overcoming the cidal effect of Zn^2+^ ([@gkt506-B43]). Thus, it appears that these organisms have developed one or other mechanism to pump out the Zn^2+^ ions from the cell, inducing paucity of the Zn^2+^ ions in the cellular milieu of mycobacteria, eventually leading to underrepresentation of Zn^2+^ metalloproteins. UvrA (a component of nucleotide excision repair pathway) of *M.smegmatis* and *M.tuberculosis* can function without Zn^2+^ finger unlike their counterpart in *E. coli* ([@gkt506-B44],[@gkt506-B45]). Another Zn^2+^-dependent enzyme in most bacteria, i.e. Cu-Zn superoxide dismutase appears to have evolved as a Zn^2+^-independent enzyme in mycobacteria ([@gkt506-B46]). Similarly, Tau subunit of DNA polymerase III of mycobacteria seems to have dispensed of Zn^2+^-binding module. Thus, it is apparent that many important enzymes in Actinomycetes, including topoI, carry out their cellular functions in Zn^2+^-independent fashion to cope up with the Zn^2+^ scarcity arising owing to export and homeostasis of the metal ion.
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